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Abstract Meeting these aggressive goals for engines to be
certified by 2005-2006 requires significant advancements in
Cycle studies have shown the benefits of increasing the fans, compressors, combustors, and turbines and also
engine pressure ratios and cycle temperatures to decreasthe sub-components including engine seals. Airline
engine weight and improve performance of commercial customers have become increasingly cost-conscious
turbine engines. NASA is working with industry to define prompting the NASA/industry team to pursue technologies
technology requirements of advanced engines and enginghat show promise of high performance benefit-to-cost
technology to meet the goals of NASA's Advanced ratios. Technologies are being evaluated that increase
Subsonic Technology Initiative. As engine operating engine and vehicle performance, lower acquisition and
conditions become more severe and customers demand lifetime costs, and reduce engine maintenance.
lower operating costs, NASA and engine manufacturers
are investigating methods of improving engine efficiency Seals have repeatedly shown high performance benefit-
and reducing operating costs. A number of new technolato-cost benefit ratios in recent studies a result of their
gies are being examined that will allow next generation high performance payoff and their relatively low develop-
engines to operate at higher pressures and temperatures.ment costs. Advanced engine seals show promise of

Improving seal performance - reducing leakage and reducing engine losses and maintaining these performance
increasing service life while operating under more demandbenefits over engine service intervals. New seals coupled
ing conditions - will play an important role in meeting with improved design codes give the designer better control

overall program goals of reducing specific fuel consump- of engine secondary flows - critical in extracting the

tion and ultimately reducing direct operating costs. This maximum useful work out of these high power density

paper provides an overview of the Advanced Subsonic  engines.

Technology Program goals, discusses the motivation for

advanced seal development, and highlights seal technology The objective of this paper is to provide an overview of

requirements to meet future engine performance goals. the engine goals of the Advanced Subsonic Technology
Program, highlight study results showing the benefits of

Introduction implementing advanced seal technology, and provide a
review of current seal capabilities and advanced seal
NASA has begun the Advanced Subsonic Technologyechnology requirements envisioned to meet next genera-

(AST) Program to improve both engine and vehicle tion engine goals.

performances and lower direct operating costs (DOC),

working closely with the aircraft industry. Using engines Advanced Subsonic Technology Program Goals
being certified today as the baseline, general program goals

include: Increasing engine pressure ratios and cycle tempera-

tures results in lower engine weight and more fuel efficient
1. Reduce next generation commercial aircraft direct engines. The Advanced Subsonic Technology (AST)
operating costs including interest by: 3% (large engines) Program is targeting both large and regional class engines.

and 5% (regional engines). Table 1 summarizes goals for the primary engine compo-
2. Reduce engine fuel burn by up to 10%. nents for each class of engine.
3. Reduce engine oxides of nitrogen ()}@missions
by greater than 50%. Specific Fuel Consumption. Cost-conscious airline
4. Reduce airport noise by 7 dB, (or about three- operators continue to demand lower operating costs
guarters reduction in acoustic energy). including reduced fuel burn. Reducing engine specific fuel

consumption helps airlines in several ways. Staring with a

“clean sheet” aircraft/engine design, reducing SFC results
* Senior Research Engineer, Structural Dynamics Branchn reduced engine and airframe weights. Reducing airplane
Member AIAA. weight and size reduces acquisition costs including interest

* Senior Scientist, Space Propulsion Division. - key to today’s airlines. Costs to operate a 747 aircraft are
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broken down as a percentage of total DOC in Fig. 1, the engine divided by the fuel energy content, can be
showing that engine and airframe acquisition and mainte-determined by the product of the three efficienties
nance costs are about half of the total cdé®educed fuel illustrated in Fig. 4. Plotting the historical trends of core
burn also translates into lower airline fuel bills. However, efficiency versus the product of transmission and propul-
with fuel prices at current historic lows (about 65 cents pesive efficiencies, (Fig. 5), one sees that relatively more
gallon), reduced fuel burn is less of a cost driver. progress has been made recently in advancing the propul-
sive (e.g. fan) and low-pressure turbine efficiencies than
Specific fuel consumption (SFC) has continued to  has been made in the core. This is illustrated by the
decrease over the course of turbine engine history, as  “historical trend” line. To obtain the low SFC desired for
shown in Fig. 2. In this chart a number of turbojet and  the advanced engines, more progress must be made in
turbofan engine SFCs are shown versus engine certificatiorcreasing core efficiencies, as illustrated by the “future
date. Reducing SFC by 8% from current baseline enginesrend” line, since under current economic conditions
will result in engines with SFC values for large engines of airlines are not interested in open rotor (e.g. unducted fan)
about 0.48 Ib/hr/lIb. In addition to the fundamental improveengines. Comparing the slopes of these two lines, reaching
ments sought in the combustion process, reduced fuel buire SFC goal requires proportional, or balanced, increases
also helps lower missionized emissions - importantto a in core and the product of propulsive and transmission
cleaner environment. efficiencies.

Engine Pressure Ratio. For both engine classes, the Increasing core efficiencies will be obtained by high
goal is to increase pressure ratio roughly 50% from enginegcle pressure ratio, and compressor exit temperature, high
currently being certified for flight. For instance, the turbine inlet temperature, and improved component
PW4084 now certified for the Boeing 777 has an overall efficiencies including reducing engine losses. Improved
pressure ratio of 40. Pressure ratios for large engines areengine seals will dramatically reduce engine losses as will
targeted to increase to 50 or 60, as shown in Fig. 3 along be shown herein and will enable engine designers to better
with a historical trend line. Regional aircraft engines manage the increasingly-important secondary air flows.
pressure ratios are expected to climb to 35 to 45. Engines
decrease in size with increasing pressure ratios. Reducing In addition to the case made for improving core
engine size again reduces weight and acquisition costs. efficiencies by reducing leakages and better managing
However, as engine pressure ratios increase and the engisecondary air flow systems, there are several other compel-
becomes more compact, blade tip clearances do not scaldéing reasons to advance seal technology to meet advanced
proportionately. Therefore blade tip clearances must be engine goals. There is a strong correlation between the
addressed, or some of the performance benefits sought witbrcentage reduction in seal leakage and either the percent-
the increased pressure ratios will be lost (see the New  age decrease in SFC or percentage increase in thrust - all
Sealing Approaches Under Development section). other things held constant. Also, advancements in seal

technology generally are made with investments much

As a result of the increasing compression, engine  smaller than those required for a compressor or turbine
compressor discharge temperatures typicsl®00°F stage redesign and qualification. Studies performed by
today, are expected to reach 138(and higher, requiring  Stockef* and corroborated by Smitlestimated that making
compressor materials with 1450 operating tempera- the same performance improvements with compressors or
tures (considering margin requirements). Turbine inlet  turbines would cost a minimum of 4 to 5 times more than
temperatures typicallg2600°F today are expected to the same gains made improving seal technology. With the
increase several hundred degrees requiring improved  limited technology development budgets the country is
cooling approaches, high temperature materials, and faced with, the engine community will naturally exploit
thermal barrier coatings in the turbine hot section. Seal technologies such as seals with a high return on technol-
material temperatures will increase in proportion to the  ogy-dollar invested.
compressor and turbine material temperatures.

Allison Engine Study Results

NASA/industry studieshave projected that improving NASA and the Army commissioned Allison Engines to
engine performance and reducing operating costs will reseftamine two modern engines and identify performance
in airline economies over the life of the engine fleet 20  benefits possible through implementing advanced engine
times the total development cost - a strong motivation for seals. The studyexamined a turbofan engine (AE3007)
implementing advanced technologies that are cost effectiwated for growth to meet the 20,000 Ib thrust requirement

of the AST regional aircraft, and a turboshaft engine (T-

Motivation for Advanced Seal Development 800 study basis) examined for potential growth to meet the
military Integrated High Performance Turbine Engine
Source of Engine Efficiency Gains Technology (IHPTET) Phase 2 goals.

Overall engine efficiency, the useful work produced by



In the study, performance benefits of applying ad-  Mechanical Face Seals
vanced seal technology were objectively determined Self-acting mechanical face seals play a vital role in
relative to the advanced engine with conventional seal  sealing bearing locations in turbine engines. Carbon face
technology. A summary of the advanced regional engine seals have low leakage and can seal pressures up to 150
results are shown in Table 2 and the advanced turboshaftpsid. They can operate at moderate surface speeds (up to
engine results are shown in Table 3. 475 ft/s) with acceptable friction and wear rdteShese

seals operate reliably with low leakage and cost less than

In each engine two levels of rim seal technology werelabyrinth seals and therefore will continue to play a role in
examined, namely brush seals and film riding circumferenadvanced aircraft engines.
tial seals, under development at Allison Engines. In the
advanced regional engine, pressure conditions require film- Even more will be asked of mechanical face seals in
riding face seal technology at the compressor discharge dfiudure engines. Carbon face seal speeds will be up to
pre-swirl (aft sump) location. In the stiklymplementing 600 ft/s for advanced engines. Where mechanical face seals
the brush seals at the first- and second-stage forward are required to seal counter-rotating shaft locations, surface
turbine rim locations and the seals mentioned resulted in apeeds will approach 1000 ft/s.
1.96% reduction in SFC and a 4.93% increase in thrust-to-
weight. (Table 2a) Substituting film riding circumferential Conventional face seals will continue to be limited to
seals for the brush seals resulted in a 2.62% reduction in temperatures of 1000 or less because of the oxidation of
SFC and a 6.95% increase in thrust-to-weight (Table 2b).the carbon seal ring. Material advancements improving
Even greater efficiency gains were found when including carbon seal oxidation resistance is attractive for many
tip clearance control amongst others, see Ref. 5. applications as operating temperatures continue to climb.

In the advanced turboshaft engine study, two carbon Labyrinth Seals
intershaft seals were used. In addition, either brush or the  Perhaps the single most common flow path seal used
film riding circumferential seals were used for two turbine over turbine-engine history is the labyrinth seal. The
rim seal locations. Implementing the brush rim seals labyrinth seal consists of multiple knife edges (typically 5)
resulted in a 4.44% reduction in SFC and a 10.86% increase in close clearance to the rotor (0.010-0.020 in.),
in horsepower (Table 3a). Substituting film riding circum-depending on location. Labyrinth seal pressures in current
ferential seals for the brush seals resulted in a 5.28% engines can be as high as 400 psi depending on location.
reduction in SFC and a 11.26% increase in horsepower Seal temperatures are generally 130@r less. Labyrinth
(Table 3b). seals are used for surface speeds up to 1500 ft/s. Labyrinth
seals are clearance seals and therefore have high leakage
Large improvements such as these are possible by rates. Labyrinth seals are used as shaft seals and as inner air
reducing air flow through the turbine rim seals to only thatseals - sealing the vane-to-drum inter-stage locations.
which is required for cooling and to prevent hot gas

ingestion. Air flow savings were up to 2.5% of core flow Advanced engines will continue to use labyrinth seals,
for the regional and over 3% for the turboshaft engine. It ibut to a lesser degree. Advanced designs will incorporate
recognized that the new rim seal technology must be labyrinth knives coated with an abrasive to maintain sharp

proven under engine operating conditions. However, to  knife edges and retain relatively good pressure drop
meet stated program goals, improvements such as these characteristics even after a rub. Abrasive tipped seals will
cannot be overlooked since there are few if any other  be run against either honeycomb or sprayed, abradable
locations where gains of this magnitude can be realized.lands. Clearances will be maintained at levels as tight as is
prudent. In shrinking labyrinth clearances, however,
Seal Technology: Current and Advanced Requirementsdesigners must be careful to preclude shaft vibrations that
can be caused under small clearance condifions.
In examining seal requirements for advanced engines it
is instructive to review current engine seal capabilities.  Brush Seals
Table 4 provides an overview of current engine seal Brush seals consist of a dense pack of bristles sand-
capabilities in terms of pressures, speeds, temperatures, anched between a face plate and a backing plate. The
materials. Table 5 summarizes expected seal operating bristles are oriented to the shaft at a lay angle (generally 45
requirements for next generation turbine engines includingo 55 degrees) that points in the direction of rotation. A
some military applications. Seals will generally be expectgatimary attribute of the brush seal is its ability to accommo-
to operate hotter, seal higher pressures (to accommodatedate transient shaft excursions and return to small running
higher pressure ratios), and operate with higher surface clearances, unlike labyrinth seals that wear to the full radial
speeds. excursion opening large leakage paths. Brush seals are
designed initially with a small radial interfereng@004 in.
to accommodate seal-to-shaft centerline manufacturing




variations. Leakage rates on initial run can be as little as Iflade wear and isolate wear in the rub surface. Isolating

20% of comparable labyrinth seals. Experience has showmear in the rub material results in material removal in a

that during engine operation, brush seal flow rates do limited distance around the circumference, limiting engine

increase due to wear. After extended operation, brush sealsrformance degradation.

will wear to a clearance opening a small radial gap at part-

power conditions. However, brush seal performance is Blade Tip Clearance Control

generally better than the best performing labyrinth seals. Better management of blade tip leakages improves

Brush seals are used in multiple stages for pressure differengine designs in several ways. Reduced compressor blade

ential above 80 psi, to prevent bristle packing and deflec- tip leakage improves compressor efficiency and improves

tion under the backing plate causing excessive wear. Cobstall/surge margins, improving engine operability. (See

based alloys such as Haynes 25 are current bill-of-materiaso shape memory alloy seal discussion below.) Maintain-

for most brush seals. Currently, seal temperatures are ing tighter clearances over the life of the engine addresses a

generally 1300F or less and surface speeds are generallykey observation that 80 to 90% of engine performance

1000 ft/s or less. degradation is caused by blade tip clearance incfdasa.
limited number of commercial engines, blade tip clearance

Brush seals will continue to evolve to meet the ever- control is used. Blade tip clearance control is performed
more demanding conditions they are subjected to. In today by preferentially cooling the turbine case during
advanced engines surface speeds are expected to reach cruise operation. This has been successful in greatly
1650 ft/s with temperatures reaching 1380Long term reducing turbine blade clearances in the PW4000 series of
durability at these extreme conditions is the primary engines and has resulted in handsome turbine efficiency
concern and is receiving attention through military sponsogains®
ship8 Higher temperature materials will be required for the
bristles and for the wear-resistant shaft coatings. It is Currently the industry does not use active feedback
envisioned that cobalt based superalloy bristles may be control. Adding feedback control by sensing average blade
replaced in the high temperature (up to 1980locations.  tip clearances and regulating case coolant will provide extra
Nickel based superalloys, such as Haynes 214, form a mdrenefits, including allowing use of clearance control for
stable, tenacious oxide, with lower friction at higher other than cruise-only condition, as is the case today.
temperature$. Mechanical control techniques are also being examined.

Allison has demonstratégicentrifugal compressor effi-

Under these extreme conditions, designs that would ciency gains up to 1% using an experimental electromag-
significantly limit the irrecoverable bristle wear are highly netic actuator to control compressor clearances. For both
desirable. Researchers are investigating whether the smatictive feedback control techniques, a pacing technical issue
bristle lift forces generated during operation can aid in  that is being worked is the development of reliable, high
reducing wear, (see Ref. 8). Other proprietary designs aredemperature sensors.
also being investigated. Ceramic brush seals are being

investigated by a number of researcH8r&2 Though not Loss of design clearances results in a loss in thrust,

yet proven, hard ceramic bristles may be more wear requiring an increased throttle setting to achieve the same

resistant and may offer longer term wear lives. engine performance. The increased throttle setting,
however, increases the exhaust gas temperature (EGT) and

Outer Air Seals thus reduces the life of the hot turbine components. When

Outer air seals provide a small clearance, rub-toleranthe EGT exceeds a Federal Aviation Administration (FAA)
seal at compressor and turbine blade tip locations. Outercertified limit, engine overhaul is required, costing typically
air seals take various configurations depending on applicaver $1 million (1993 dollars). Engine manufacturers will
tion. In the compressor, where temperatures are 200  continue to develop techniques to combat this performance
less, the seals consist of felt metal pads bonded to the  degradation to serve their cost-conscious airline customers.
compressor case. In some applications de-bonding has
occurred and the industry is investigating more durable New Sealing Approaches Under Development:
sprayed-abradable approaches for advanced applications. In
the high pressure turbine section, graded ceramic abradabliém Riding Seals
seals are sprayed onto turbine-case insert rings to provide  Film riding seals are designed to operate without
good abradable characteristiés Graded ceramic seals are contact. Eliminating contact except for periodic transient
used to minimize the thermal strains between the high- conditions greatly increases seal life. Film riding face seals
expansion rate metal-ring substrate and the low-expansionan be designed to operate at the high pressures and
rate ceramic (alumina or partially stabilized zirconia) seal temperatures anticipated for compressor discharge and
surface. Sustained seal temperatures of 2BGhd above  sump-aft locations of next-generation gas turbine engines.
are common. In both the compressor and the turbine,  Seal leakage rates are a small fraction of competing brush
blades are tipped with an abrasive tip material to prevent and labyrinth seals. Most film riding seals have been



designed to operate as a face seal but new designs undeicompressor blade tip clearances during engine operdtion.
developmeritare proposed to operate as circumferential Unlike conventional structures, this ring will contract when
seals for turbine rim seal applications. By design, the seaheated and expand when cooled. The compensator ring
operates without contact greatly reducing wear and pro- (Fig. 8) is fabricated of a copper-aluminum-nickel shape
vides more stable performance over its life. memory alloy whose martensitic to austenitic transforma-
tion temperature is tailored so that as the compensator ring
Though these seals have not yet entered engine serviegches cruise temperature the ring diametrical change will
they have shown promise in several recent tests. G#mblaeduce radial tip clearances from 0.017 in. nominally to less
examined the feasibility of self-acting face seals for a highthan 0.005" and expand again when cooled to maintain safe
thrust-to-weight ratio military gas turbine engine. The lift running clearances throughout the mission. The compensa-
pad seal was tested in a counter-rotating shaft location tor ring contracts in diameter to accommodate relative
between the high pressure and low pressure shafts. The thermal growths between the high expansion rate T-55
seal operating speed was 800 ft/s and utilized spiral grooveagnesium case and the relatively low expansion rate
geometry providing a running film during operation. The nickel alloy blades.
seal’s leakage rates were less than a third of a competing
labyrinth seals. Munsdf successfully demonstrated a In Phase |, a full scale compensator ring has been
single-rotation film riding face seal at temperatures up to fabricated and researchers have demonstrated the feasibility
800°F, surface speeds over 500 ft/s and pressures up to 49@raining the SMA ring to contract on heat-up and expand
psid in a seal test fixture. Leakage rates were less than oar-cool-down under simulated compressor temperature
tenth those of labyrinth seals and less than one-fifth thoseexcursions. Phase Il plans call for demonstrating compensa-
of brush seals, (Fig. 6). tor ring performance benefits in a T-55 compressor test
stand. Calculatiort8 have shown that implementing
There are several issues that must be resolved for  compensator rings in the first four stages, would increase
implementing these low-clearance seals into engine serviexial compressor efficiency by 0.5% and axial compressor
including minimizing the effects of potential dust ingestionsurge margin by about 3%. Full compressor (axial plus
and gracefully accommodating aircraft maneuvering loadscentrifugal) efficiency would increase by 0.3% and could
Film riding seals have superior leakage and wear charact@otentially increase compressor surge margin. Calculations
istics and can operate at the high pressure ratios anticipatealve also shown that controlling blade tip clearances
Therefore they are attractive candidates for advanced  throughout the axial compressor (stages 1-7) to 0.005 in.

engine development. would increase full compressor efficiency 0.7%, but would
require some additional shape memory alloy development
Compliant Seals for the higher temperatures.
There are a number of new seal concepts that are being
developed to address sealing problems of advanced Other Requirements for Advanced Design

engines. Two new seals are the compliant hydrodynamic

shaft sedfand the laminated finger séakhown in Fig. 7. Advanced Design and Analysis Techniques

In the compliant shaft seal, shingled-sealing elements float Implementation of the low leakage seals under devel-
on a hydrodynamic film virtually eliminating seal wear, = opment will be done in a systematic fashion to reap the

operating within design displacement limi&®(015"). performance improvements without unbalancing the
New generations of this seal that may have higher displacgecondary air flow systems. Modern turbine engines are
ment capability are being evaluated. finely-tuned thermally and implementing advanced low-

leakage seals such as the film riding circumferential rim

The laminated finger seal is constructed of a stack of seals will cause a redistribution of the secondary air flow.
laminations, with each lamination consisting of multiple  Provisions must be made such that adequate cooling flow
fingers or flexure elements (Fig. 7b). The fingers allow theeaches disks and blade attachments to keep these critical
seal to follow radial movements of the rotor. Layers are components within their temperature allowables and to
indexed such that axial openings between fingers are preclude hot gas ingestion.
covered by the succeeding layer. With the larger load
carrying area of the fingers, this seal may have a consider- To ensure successful application of advanced seals,
ably longer wear life than a wire brush seal, but still needsnew analytical approaches are required. Under NASA

to be demonstrated. sponsorship and with industry participation, a variety of
computational codes are being developed to: design the
Shape Memory Alloy Seals basic seal structures; assist in managing the critical second-

Under contract to NASA, Memry Technologies and ary air flow and power streams; and finally to assess the
Textron Lycoming are examining the feasibility of using a seal’s impact on engine dynamics.
low-temperature, compressor-case compensator ring made
of shape memory alloy (SMA) material to minimize



Computer codes have been developed by Shapiro andntire engine mission including both steady-state and
Athavaleé® enabling designers to predict seal leakage andtransient conditions. To demonstrate performance benefits
dynamic performance prior to costly fabrication and testingossible with advanced seals several brush seal examples
These codes have been successfully used by the industrywiil be cited.
designing film riding face seafsCode extensions are
required to analyze and predict the performance of the new Performance improvements possible with brush seals
film riding circumferential seals. are significant. Hendrick§ et al. investigated performance

improvements possible implementing brush seals in the

Turbine rim seals, though simple in nature, are criticalcompressor discharge location of a T700 helicopter test
seal interfaces in the engine. Adequate purge must alwaystand engine (Fig. 10). Replacing a compressor discharge
be provided to prevent the ingestion of hot (>2500 °F)  labyrinth seal with a brush seal, seal leakage decreased,
combustion gases into the high speed disk cavities. Codepressure increased, and specific fuel consumption de-
being developed will now enable the engine designer to creased more than a full percentage point.
design and better manage the highly coupled secondary to
power stream interaction at this location. This computer Engine manufacturers are embracing brush seal
code (SCISEAL) was recently anchored with experimentatechnology to reduce seal leakage and increase perfor-
dat&? measuring the effects of purge flow and rim seal mance. The PW4168 engines use brush seals in several
geometry on the ingestion of main flow gas into the turbinéocations (Fig 11). A triplex brush seal is used at the
disk cavity. In these studies, four turbine rim seal geom- compressor discharge location. Duplex brush packs are
etries illustrated in Fig. 9 were examined and the cooling used to reduce pressures at the mechanical face seals at the
effectiveness paramet¢mwas predicted. for-and aft-ends of the bearing chamber. Improvement over

conventional labyrinth seals is different for each engine

In these studies the cooling effectiveness parameter design, but reductions of three-quarter of one percent of
was defined as the ratio of GGoncentrations as fuel burn are not uncommon. Even a partial percentage
¢ = (C-GJ/Cy—Co), where: C = disk cavity Cgconcentra-  point in fuel efficiency translates into millions of dollars in
tion, and G and G are the main cavity and purge cavity savings?’ Potential military applications include the F100-
CO, concentrations. The nondimensional purge mass flowPW-229 engine for the F-15 and F-16 fighters and the
was defined asn; = mp/4mR0(Ret)‘°-8, where r'np is advanced F-119 engine for the Advanced Tactical Fighter.
the coolant mass flow rateo® rim radius and Rés the ~ The International Aircraft Engine Company V2500
tangential Reynolds number. Good correlation was ob- commercial engine has several brush seals that since the
served between the measured and predicted cooling 1980’s have accumulated over 1 million flight hours.
effectiveness parameters as shown in Fig. 9 and also in . ] ) )

Table 6. Agreement over a broad range of flow rates was .AII|son has implemented brush seals in their AE-2100
very good providing confidence in the technique. Exten- €ngine for the SAAB2000, the T406 for the V-22 Osprey,

sions are now underway to couple SCISEAL to leading and the AE-3007 for the Cessna Citation-X. All three
codeg3-25 such as ADPAC that treat the time-averaged €ngines share a common core and use brush seals at the

flow that exists in the multiple rows of stationary and compressor discharge, second stage turbine (aft) and the

rotatingblades upstream and downstream of the rim sealsthird stage turbine (forward) interstage locations. Though
SFC improvement have been difficult to quantify, estimates

Another reason the turbine rim seal is critical is the ~fange upwards of 0.25%. GE has also implemented brush

considerable percentage of core flow (2-3%) going through€als on the low pressure balance piston on their GE90,
the rim seal, above that required for cooling. Munson and Peing developed to power the Boeing 777.

Steinet? have shown that large engine performance

benefits are possible replacing the rim seals with either Summary

brush seals or new film riding technology. Validated design ) o o .

codes as discussed will play a critical role in successfully ~ NASA's working in close-partnership with tI'_1e aircraft

implementing these low leakage seals to ensure the engirfgdustry to develop technology to reduce operating costs,

does not suffer hot gas ingestion under any possible powégduce noise and emissions and boost performance of next

or transient conditions. Code extensions are under develdgeneration commercial aircraft, under the Advanced

ment that will enable designers to predict seal effects on Subsonic Technology Program. To reach the stated goals

shaft dynamics—important to stable engine operation. ~ Significant improvements in engine components and
subsystems are required to extract more useful work from

Modern Examples of Engines Employing Advanced Seallese high power density engines. It was shown that
improving engine seal technology shows great promise in

Designers are replacing conventional labyrinth seals assisting engine manufacturers reach the required reduc-

wherever it is practical, considering performance over thetions in specific fuel consumption and ultimately direct
operating cost. In addition to reviewing current seal
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24Hall, E.J. and Delaney, R.A., 1993. Investigation of
Advanced Counterrotation Blade Configuration Concepts
for High Speed Turboprop Systems, Task 5—Unsteady

Table 2a—Advanced Regional Engine (20,000 Ib thrust)

Counterrotation Ducted Propfan AnalySiemputer
Program User's Manual, NASA CR-187125.

Performance Benefits Possible Using Brush and Film
Riding Seal Technology, (Ref. 5)

Location Seal ASFC % | AThrust/
2%Hall, E.J. and Delaney, R.A., 1993. Investigation of I Wi %
Advanced Counterrotation Blade Configuration Concep T"F’b‘"'f' Rim 1st/2nd, V

. orward Brush -1.14 3.41
for High Speed Turboprop Systems, Task 5—Unsteady | Compressor Discharge FRFSt |-0.33 0.61
Counterrotation Ducted Propfan Analygtsnal Report, Pre-swirl (aft sump) FRES -0.49 0.91
NASA CR—187126. Net Engine Benefit -1.96% 4.93%

tFRFS: Film Riding Face Scals
26Hendricks, R.C. Giffin, T.A., Kline, T., Csavina, K.R.,
Pancholi, A., and Sood, D., 1994, “Relative Performanc
Comparison Between Baseline Labyrinth and Dual Bru:

Table 2b—Advanced Regional Engine (20,000 1b thrust)
Performance Benefits Possible Using Film

Compressor Discharge Seals in a T700 Engine Test,” mef‘d'"g Seal Tec“';‘i‘:;&x’ (R:;']‘SC) 7 e—
NASA TM-106360. Wi %
27, . Turb. Rim 1st/2nd,
Mabhler, F., 1993, “Brushing Up on Technology: New Forward FRCS* -1.80 5.43
Seal Design Cuts Leakage,” P&W Directions, Septemb Compressor Discharge FREFS -0.33 0.61
Pre-swirl (aft sump) FRES -0.49 0.91
Net Engine Bencfit -2.62% 6.95%

*FRCS: Film Riding Circumferential Seals

Table 1.— Advanced Subsonic Technology
Engine Component Goals

Engine
Large Regional
Turbofan Thrust 20-110K# 5-20K#
Cycle, O.P.R. 50-60 35-45
Fan Slagej + Duct Ef,f' ¥2 pis *2pis Table 3a—Advanced Turboshaft Perforinance Bencfits Possible
(7dB Noise Reduction) Usine Brush Seal Technol Ref. §
Compressor Poly. Eff. s.mg rush Seal Technolagy, (Ref. 5)
@ 4 pps Exit Cor. Flow +2 pis Location Scal ASFC % | AHP %
2 Exit Cor. Fl 2 pt
@ 2 pps Bxit Cor. Flow TEPE Turb. Rim Ist2nd, Aft | Brush  |-4.16  |10.3
. Intershaft (2 ea) Carbon -0.28 0.56
Turbine Seal
HP Eff. @ const Loading | +2 pts +2 pts ea
Cooling Flow Reduction | No Change 20% - -
LP Eff. @ const Loading | +2 pts +2 pis Net Engine Benefit 444 10.86
tFRFS: Film Riding Face Scals
Disk Materials &
Compressor Blades
Capability Including
Margins 1450 °F 1350 °F Table 3b—Advanced Turboshaft Performance Benefits
Possible Using Film Riding Seal Technology, (Ref. 5)
Turbine Materials/ +100 °F +100 °F Location Scal ASFC % | AHP %
Cooling Capability
Turb. Rim 1st/2nd, Aft | FRCS* -5.00 10.7
Specific Fuel 8% 10% Intershaft (2 ea) Carbon Scal -0.28 0.56
Consumption Rcduction
Net Engine Benefit -5.28 11.26

*FRCS: Film Riding Circumferential Scals



Table 4.—Summary of Current Turbine Engine Scal Technology

Seal AP [ Temp | Surf. Materials Insurance and landing fees
(psid) | (°F) | Speed Crew 4% Fuel
(fv/s) 20%
Face 150 1000 475 Carbon
Labyrinth 250- 1300 1500 Ni Superalioy Teeth
400 +
Abradable
Brush 80- 1300 1000 Cobalt
100/ Superalioy
stage
Outer Air Abrasive Tipped Engine g
Seals: Blades vs: acquisition and Al.rf.rzl-lme
Compressor | Stage 1200 1200 Felt Metal maintenance acqglsmon and
HP Turbine | AP 2000+ | 1500 | Graded Ceramic 24% ma";‘g;ance
(V]
Figure 1.—Direct operating cost breakdown for 747 jetliner, fuel
Table 5 .—Summary of Advanced Turbine Engine Scal Technology price of 65 cents per gallon, 5000 nm range (Ref. 2).
Scal AP Temp Surf. Materials
(psid) (°F) Speed
(f1/s)
Face:
Single Rot. 150 1000 600 Carbon
Counter-Rot. | 60 1000 1000 Carbon
Film Riding | 800 | 1500 | 900 Ceramic 12 -
Seal 11 — Turbojets
Labyrinth 250- 1300 1650 Ni Supcralloy Teeth 2 1.0 //
300 :.V/Abmswe Hies % 0.9 NT3C CJ805-3 ,~— Low bypass
Abradable s JT3D /¢ turbofans
Brush 140/ | 1500 | 1650 | Ni Superalloy % 08 12 805-23 | I 1 CFMS6-2
slage or .8 07 b JT8D-9 /.7~ RB211-524D4
Cc ramic E ) RB211-22B ﬁ\ //;/
Outer Air Abrasive Tipped o CDF6-6D @~ ' ®CFM56-3 __j19p-7R4
Scals: Blades vs: 9 06—} TF39@ / - -— CF6-80A1
Compressor | Stage 1300 1200 Sprayed Abradable % i CF6-50014/ /// ) E90
HP Turbine AP 2200+ 1650 Graded Ceramic £ 10% CF6-50C2 —/ ES.//A ao
€ 05 / Demo ~8%
=) PW2037—/ A “1
UDF® [AST|
0.4 | | | | [goal] |
1950 1960 1970 1980 1990 2000 2010
Year

Table 6—Comparison of Calculated and Experimental Turbine Rim
Seal Cooling Effectiveness Parameter (9), Rey = 5.0x106, V¢j =RQ
(Ref. 21); Experimental Data, (Ref. 22)

Figure 2.—Subsonic engine historical trend and program goal
specific fuel consumption.

Numerical Results

Config. Dimension- | @ Expt. ¢ Calc. | Deviation,
less percent
coolant flow
paramelter,
n
80 —
1 0.001 0.53 0.63 19 lar ::: ine
.002 77 802 4 g |g
° goal
004 .94 972 3 ¥ 60 — S
008 1 .997 -0.3 o - & 50%
2 High bypass | pw4084 increase
8 40 — turbofans R
2 0.001 0.89 0.95 7 5
008 99 — IS o GESO
§ o0 L [Lowbypass| ® ~¢ :
3 0.001 0.57 | o611 7 turbofans ce®e
008 .98 99 e
0 | | | | | |
1950 1960 1970 1980 1990 2000 2010
4 0.001 0.5 0.589 18 Year
008 98 965 =2 Figure 3.—Historical trend and program goal overall pressure ratio.
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Figure 4.—Breakdown of engine efficiencies (Ref. 3).
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Figure 7.—New seal concepts. (a) Compliant metallic hydro-
dynamic shaft seal. (Ref. 16). (b) Laminated finger seal. (Ref. 17).
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